A morphology-based method for an estimation of TOF mobility values in prototypic conjugated polymer PEDOT/PSS complex has been developed. The performed research demonstrates that the DDFT-based PEDOT density fields present the real morphology of the complex under study. The developed method enables to estimate the charge carrier mobility values in the PEDOT/PSS complex in the range of PSS/PEDOT mass ratios 1.4-20.0 reflecting anisotropy, PEDOT concentration and ordering effects.
Introduction
Charge carrier mobility is an essential complex parameter of the conjugated polymers widely used in photovoltaic devices. The mobility related to the macroscopic transport of electrons or holes (termed further as mobility) is experimentally determined mainly by time-of-flight (TOF) experiments in the direct electric field (Bredas et al., 2004 , Coropceanu et al., 2007 , Grell, 2005 , Laquai et al., 2007 . The distinction between hole and electron transport relies not on the actual values of charge mobility, but on the ease of charge injection from electrodes used in various devices, i.e. this distinction is device-dependent. The present report is devoted to the direct probe of charge mobility and therefore this distinction is not essential.
The mobility calculations are typically performed using various simulations; the most popular method is (a) the Gaussian disorder model solved by Monte Carlo (MC) simulations, and its variations (Bässler, 1993 , Arkhipov et al., 2002 ; (b) recently developed charge transfer rate calculation methods which are based on the Marcus theory, combined with real or simulated morphological models (Chatten et al., 2007) , (Athanasopoulos et al., 2007) .
Poly (3,4-ethylenedioxythiophene) (abbreviated as PEDOT, in what follows referred to as T) forms a complex with counter ionic polystyrene sulfuric acid (PSS, below denoted by S) is a prototypic conjugate polymer (referred to as pristine) (Kirchmeyer and Reuter, 2005 , Kim and Bredas, 2008 , Groenendaal et al., 2000 . It is prepared for the S/T mass ratios (RS/T) ranging from 1.4 to 20, and can be represented as consisting of T grains (domains) in the insulating S matrix (Smith et al., 2006 , de Kok et al., 2004 . The best studied compositions are those with RS/T values equal to 2.5 and 6; a pancake-like morphological model is generally accepted (Kemerink et al., 2004 , Nardes et al., 2007 . The macroscopic electrical conductivity is strongly anisotropic and its values in films based on the T-S-solvents compositions reach ca 1000 S/cm, which corresponds to the mobility values around 1 cm 2 /Vs (Ionescu-Zanetti et al., 2004 , Jönsson et al., 2003 .
The conductivity mechanism at the room temperature is a variable-range (VRH) hopping between the localized electronic states located in the T-rich domains of size 25x25x6 nm (Nardes et al., 2008) . According to the recent studies, the conductivity is limited by the intrinsic disorder within the conducting T-rich regions (Sangeeth et al., 2009) . Furthermore, it has been experimentally shown that the grains consist of individual tangles with diameter of about 5nm (Lang et al., 2009) .
The calculations reported here are based on the morphology deduced from the meso-scale dynamic density functional theory (DDFT) simulations of the T-S-pristine complex summarized in (Kaevand et al., 2011) ; c.f. citations therein. The disorder/order relationship is presented by the model developed in this report which uses transport units in the form of rods, the volume of which is ca 3 orders of magnitude smaller than the grains used in (Nardes et al., 2008) . The aim of the this study is an estimation of: (1) the charge carrier TOF mobility values in the best-studied T-S systems, (2) the mobility (and its anisotropy) as a function of the S/T ratio, (3) the effect of the reduction of the intrinsic disorder.
The obtained results will hopefully show the intimate details of the electrical conductivity and the full conformity of our research of the T-S systems in the range of RS/T values between 1.4 and 20 (Kaevand et al., 2011) .
Methodology

The Initial Morphology
The charge transfer takes place on an arrangement of T beads (rods) with a length of ca 3 nm and a diameter of 0.5nm (with a total volume of 2.3 nm 3 ) consisting of 12 T monomers as derived from a coarse-graining of the molecular structure of the complex (Kaevand et al., 2011) . Note that these oligomers are rigid rod molecules due to the electron-releasing effects of the ethylenedioxy groups and self-rigidification resulting from intramolecular interactions (Turbiez et al., 2003) . These rods in the form of regular 3-nm-long cylinders are located and oriented randomly (see below) in a 32x32x32 cubic lattice (i.e. 32 3 cells with the volume of each 17.03 nm 3 , grid spacing a = 2.573nm), see Figure 1 . The position randomness is introduced by the density fields, with the density varying from zero to one; the fields have been generated in a mesoscale simulation study. In this way, the density fields of T beads, i.e. x, y, z coordinates of all the 32 3 cells, are transformed into a significantly higher number of single bead coordinates (2 endpoints for each rod). An additional parameter is introduced: the closest distance rij between the surfaces of the beads. A cell with the maximum density contains up to 8 beads. The torsional disorder of rods is neglected.
Figure 1: (a) Cubic lattice with transport units; (b) definition of the closest distance rij between the surfaces of the rods
The microstructure of the films obtained after accommodation of rods is characterized by two-particle radial distribution functions g2(r12) which have been calculated as described in (Torquato, 2002) . It makes it possible to distinguish the fully random location of rods, short and long range order in the system.
The VRH takes place between these transport units. Positive charges on the T beads and PSS as charge-compensating counterion are at this stage not included. Under these conditions the Ohmic transport is modeled (see below). The morphology given above leads to specific features of the presented model, including the absence of electrostatic interactions and polarization effects (as discussed in the next sections).
Calculation of Charge Transfer Parameters and the Transfer Rate
In quantum-chemical calculations we used Gaussian 09 software. The HF theory level is used as given in the 6-31G(d). This choice is justified by validating the calculations of oligothiophene radical cations at HF level with higher level hybrid DFT (BH and HLYP) calculations (Geskin et al., 2003) .
Further we use the designation nT (n is the number of ethylenedioxy-thiophene rings, supplemented by +1, +2 in the case of charged T systems).
The charge transfer integrals (Vij) and the reorganization energy have been calculated by the "energy splitting in dimer"-approach as described in (Deng and Goddard, 2004) . It is essential to note that the results obtained by this method are affected by the polarization effects (Valeev et al., 2006) . Fortunately, these effects are negligible in the studied systems (see below). A pair of dimers 2T (indexed with i and j) is located in the 3-d coordinate system at proper distances from each other ( Figure  2 ). These distances are estimated using the data on the PEDOT/PSS crystalline structure given in (Aasmundtveit et al., 1999) , (Kim and Bredas, 2008) (and cit therein). This is the molecular scale. Relative to the substrate surface, the axis X and Y are in-plane and Z out-of-plane direction. This is the macroscopic, thin film scale in which the TOF signals are experimentally measured. So the Figure 2 represents the molecular and the macroscopic scale. Physically, the anisotropy of the film is introduced by the film preparation procedure as described in (Smith et al., 2006) , (de Kok et al., 2004 , Kemerink et al., 2004 , Nardes et al., 2007 . For the transfer of a charge carrier along each axis, from the dimer i to the dimer j, the integral Vij is calculated as 1/2(EHOMO -EHOMO-1), where EHOMO and EHOMO-1 are the energies of the frontier orbitals HOMO and HOMO-1 in the interacting dimer pair. The VX value of 6.3E-21 J (ΔX= 0.3 nm) compares reasonably well with the theoretical estimate equal to 1.6E-21 J for oligothiophenes. Note that VX for pristine PEDOT crystal is about E-20 J (Kim and Bredas, 2008) . The values VY and VZ are calculated to be 4.6E-20 and 3.3E-22 J, respectively (ΔY-and ΔZ-values are 0.2 and 0.4 nm, respectively). The ratio of VX/VZ compares well with that of calculated by (Chatten et al., 2007) for poly-3-hexylthiophene.
The intra-molecular reorganization energy (λ), comprising the differences in energies of the neutral and ionized states of an acceptor and donor molecule was calculated for 2T(+1) to be equal to 1.3781E-19 J. At the same time, the ionization potential value of 5.59 for 4T(+1) eV was obtained. The latter matches well with the experimental value 5.6-5.9 eV (Wang and Park, 2009) .
Most importantly, the condition λ ˃ Vij is fulfilled, hence, the charge transfer takes place in the non-adiabatic regime and the hopping approximation is valid (Nelson et al., 2009) . The ca twice lower value of λ obtained in (Hutchison et al., 2005) is probably caused by the use of different quantum chemical calculation methods. It should be mentioned that the research of points to the difference in the calculation results of the PEDOT electronic structure, obtained via (a) the density functional and (b) the Hartree-Fock methods, i.e. DFT leads to the charge delocalization which results in the reduction of λ. Quite interestingly, such phenomenon is not observed in nonsubstituted oligothiophenes (Geskin et al., 2003) .
These parameters have been used to calculate the charge transfer rate based on the non-adiabatic Marcus-Hush theory:
where e, Δrij and F are the electron charge, the distance between the charge carriers and the strength of the electric field, kB is Boltzmann's constant and T temperature, respectively (here all parameters are in SI units).
Note that the quantity e∆ijF in the eq.(1) represents the free energy difference between the initial and final site. It means that the electrostatic interactions and polarization effects are neglected (Athanasopoulos et al., 2007) . This is a reasonable presumption because the charge carriers are rigid T rods of the same geometry (see last paragraph of section 2.1). Taken together, these two circumstances lead to a negligible energetic disorder in our systems. This is in accordance with the origin of this disorder in organic conducting systems (Baumeier et al., 2010) . Moreover, in this report the authors focus on the effect of the changes in the morphology alone.
Vij values vary with the separation r between the T beads proportionally to exp(-rij/r0) , where the wave function decay length r0 = 0.26 nm (grid spacing is a/10, the value typically used in quantum-chemical calculations of conjugated polymers (Tanase et al., 2003) ) .
The Macroscopic Charge Transport Modeling
The charge transport is modeled by the MC method used in (Athanasopoulos et al., 2007) . For the determination of the charge carrier mobility, 40-400 individual charge carriers are inserted at a the edge, parallel to the electrodes as in the TOF experiment (XY plane of the calculation cube), the biasing voltage 4-400 V (Z direction) is applied and transit times (ttr) of all individual carriers across that plane (i.e. the sum of values τ =ln(X)/Γij), where X is random number between 1 and zero), are registered. This procedure is repeated second and third time after turning the cube by 90 degrees and thus calculating the ttr values across the XZ and YZ planes, as well (Y and X directions respectively). The averaged ttr values for each three directions are calculated as an averaged sum of τ. All calculations are performed by our own algorithm; cutoff values of 5 nm are used. According to (Pasveer et al., 2005) , the maximum hopping distance is estimated as (3a) 1/2 , equal to 2.778 nm.
The mobility μ is calculated as μ = ν/F = d/Fttr = d 2 /Vttr, where ν is the speed of the charge, d is the thickness of the film, F is the electric field induced by the applied voltage V, and F = V/d, usually 10 4 -10 6 V/cm (Coropceanu et al., 2007) . Biasing voltage 4 V is mainly used; layer thickness 82.3 nm leads to the electric field strength 5.18 10 5 V/cm.
Low charge carrier density (see below) and absence of permanent dipoles in the systems results in ohmic regime as shown in (Grell, 2005 , Zhuo et al., 2008 .
The results from the simulation underwent a rough comparison by the use of the concentration/conductivity method μ = ϭ/ne where ϭ, n and e designate the experimental electrical conductivity, charge carrier density and electron charge, respectively (Karl, 2003) .
All calculations were carried out for the temperature equal to 300 K; periodic boundary conditions were used.
Results and Discussion
The transformation of the density fields of the T beads to the respective particle-based data shows the correct transformation: (correlation of Nb vs cT, R 2 = 0.99, where cT designates the volume fraction of T beads as calculated in (Kaevand et al., 2011) ).
The radial distribution functions g(r) of the obtained materials shows clearly for the whole interval of studied systems the presence of a short-range order, i.e. the microcrystalline structures are formed (Figure 3 ). This is not surprising because rod volume is only ca 3.7 times higher than that of pristine PEDOT crystal (Kim and Bredas, 2008) . Note that the number of EDOT units is 12 and 4 respectively. This result is in agreement with these of the physical experiments (Aasmundtveit et al., 1999) , (Ionescu-Zanetti et al., 2004) .
Please see figure 3 in the PDF version
TOF signals in the Figure 4 indicate the presence of a fast normal transport. It reflects the nature of our experiment: (1) single charge-carriers are inserted; thus, any initial spreading is avoided, and (2) the thin film thickness is ca two orders of magnitude less than that of usually used in the TOF signal measurements (82 nm vs. ca 12 μ). In thicker films, an anomalous charge carrier transport takes often place, i.e. the tail of the TOF signal is lengthened to few orders of magnitude) (Tyutnev et al., 2008) . As discussed below the out-of-plane transport (Zdirection) shows more dispersive character.
Please see figure 4 in the PDF version
Calculated time-of-flight values are relatively large, in general higher than 0.1 ns, leading to the reasonable in-plane mobility values (Table 1 , directions Y and X). Values for the basic systems 2 and 4 agree satisfactorily with the results obtained by the concentration/experimental conductivity data in spite of very different carrier density values. Specifically, in the system 2 (global conductivity σ = 0.4 S/cm, S/T 2.5, specific density 1.45 g/cm 3 and the doping level 0.25), n = 4.45 20 cm -3 . It compares well with the data in (Zhuo et al., 2008) (3.0 20 , doping level 0.3, mass ratio 3.85).
Please see table 1 in the PDF version
1) The conductivity values given by Kaevand et al., (2011) are used.
2) The number density N/V in all directions is ca 0.4.
The out-of-plane mobility values (Z-direction) are ca 6-7 orders of magnitude lower than the others (experimentally ca 4-5 orders lower (Ionescu-Zanetti et al., 2004 , Nardes et al., 2007 , see below.
In the sequence of systems from 1 to 7, the time-of-flight systematically increases, and mobility values systematically decrease by ca 3-7 orders of magnitude. This is in accordance with the results of physical experiments, and with general theoretical considerations (Bässler, 1993) . This is a remarkable outcome because in our model, energetic disorder (diagonal one in the Bassler formalism) is negligible (see section 2.2). It seems that this agreement points to the decisive role of packing effects (effects of the off-diagonal or positional disorder, see below). Note that in the X direction, for the sequence of systems 3-7, these parameters change in a somewhat lesser extent, and for the mobility, a higher than expected trend is observed. It is explained by the presence of special morphological features in these systems, of the coaxial cylinders as shown in (Kaevand et al., 2011) . Such cylinders can be interpreted as predecessors (i.e. the states before shrinkage) of PEDOT nanofibers, which have been obtained recently (Laforgue and Robitaille, 2010 ).
An increase of the S/T ratio leads to extraordinary high values of the out-of-plane flight times and to a low mobility. This phenomenon takes place not only due to the low VZ value (see section 2.2). Indeed, although an increase of it by ca one order of magnitude results in an increase of the respective mobility by ca 3 orders, this effect does not account for the remaining mismatch by 3 orders of magnitude, as compared to the in-plane mobility (these supplementary data are available upon request).
Apparently the out-of-plane mobility is suppressed due to the morphological reasons, i.e. simulation results are in accordance with the pancake-like model.
The increase of the S/T ratio in the studied systems results in an increase of the the average hopping distance 〈rh〉 along the carrier trajectories by ca one order of magnitude (from ca 0.1 to 1 nm). Similar increase of the mean spacing Nb -1/3 in the domains of the T rods is observed (which correlates well with the values of 〈rh〉 in all directions, R 2 ˃0.98). Apparently, the carrier moves along the optimal path in these domains. It is essential that the trajectories in the out-of-plane direction are much longer in comparison to those of in-plane orientations: the average number of the hops along the trajectories in Z-direction is ca one order of magnitude higher than in the case of X-, Y-directions (data available upon request).
The charge carrier mobility field dependence is not studied in detail in this report and will be the object of the future research. Our preliminary results show in the range of ca 5 x 10 5 -5 x 10 6 V/cm the negative field dependence (Fig. 5) which is characteristic of materials where the degree of energetic disorder is small in comparison to the positional disorder as stated in (Tuladhar et al., 2009) . As shown above our systems belong to this type of materials.
Please see figure 5 in the PDF version
Introduction of the constraint "rods in XY plane" does not change essentially the mobility. This reflects the substrate surface effect used in generation of the initial morphology (Kaevand et al., 2011) . On the contrary, constraining rods in other planes mostly decrease the carrier mobility. Parallel to the Z-axis orientation of the rods results in the increase of the ordered region: compare how the radial distribution functions in Figure 3 (b) and 3(d) are accompanied by the increase of the charge carrier in-plane mobility by ca 2-3 orders, resulting in the mobility values of ca 1 cm 2 /Vs, particularly in the Y-direction. Constraining the rods parallel to the X and Y directions increases the mobility in the direction perpendicular to these axes. Hence, the carrier hopping between the parallel rods is dominating. This is in accordance with the data of the physical experiment, i.e. in the highly conducting region of size ca 10x10 nm, mobility value ca 2 cm 2 /Vs (diode configuration, F = 10 6 V/cm) has been observed (Ionescu-Zanetti et al., 2004) and with the basic nature of the TOF mobility being controlled by interchain hopping (Laquai et al., 2007) .
It is noteworthy that the 2-d lamella structure in polythiophenes (obtained on the HMDS-treated substrate to enable better selforganization) and the measured in field-effect transistor structure gives μ value up to 0.1 cm 2 /Vs (Sirringhaus et al., 1999) .
In the crystal-like system, in which the number of rods has been increased by a factor of 2.4, the mobility increases ca by five orders of magnitude. In this system, the in-plane conductivity equals to that of metallic copper. This is a hypothetical structure with high number density value (N/V=0.39) and can be realized by introducing a low molecular mass counter-ion (only 1/6 of the cubic box is free for that purpose). Note that in the systems 1 to 7, the N/V values decrease from 0.2 to 0.05.
The mobility of charge carriers in an ordered crystalline material is determined by the bandwidth of the conduction band and experimentally determined by the time-resolved microwave conductivity measurements, leading to the detection of the intrachain mobility values in the ladder-type poly(p-phenylenes) of up to 30 cm 2 /Vs (Prins et al., 2006) . Unfortunately, the analysis of the intra-chain mobility is outside of the possibilities of the approach presented here.
This study is based on the PEDOT/PSS complex morphology, which has been obtained in our previous research (Kaevand et al., 2011) , and proven to be realistic. In spite of the fact that only the T beads have been in the focus of this research, the obtained results are reasonable, and the developed method proved to be simple and easy to implement.
Conclusions
A morphology-based method for an estimation of TOF values in a prototypic conjugated polymer PEDOT, complexed with PSS, has been developed. This method makes it possible to estimate the charge carrier mobility values over the whole range of PEDOT/PSS compositions and to reflect the anisotropy, PEDOT concentration and ordering effects. It is likely that the method can be used in other conjugated polymer systems, as well.
